Introduction
It is beneficial for modeling of MOS inversion layer mobility to apply the Matthiessen's rule, which approximates the total carrier scattering probability by the sum of the respective scattering probability related to the Coulomb, phonon, and surface roughness scattering.
The Matthiessen's rule is often regarded as a valid law, if only the coexisting scattering processes work independently. However, even if that independency is assured, the validity of the rule is still questionable, unless the energy dependence of carrier momentum relaxation time (τ) is the same for all scattering processes [1] . In this paper, the validity of Matthiessen's rule is reinvestigated from the viewpoint of carrier energy dependence of τ.
Theoretical Basis
If the Matthiessen's rule is valid, the carrier scattering probability is described as <τ>
, where < > is the averaging operation in terms of carrier energy, and τ i is the respective relaxation time for each scattering process. However, we have to note that Σ(<τ ι > -1 ) is mathematically different from Σ<τ ι −1 >, since τ i for each scattering process generally has an unique energy dependence. Thus the Matthiessen's rule cannot be quantitatively accurate, unless coexisting scattering processes have a common energy dependence of τ.
In this study, the Hall factor (γ) analysis was employed, in order to investigate the energy dependence of τ. γ is given by the ratio of the Hall mobility (μ Hall ) to the effective mobility (μ eff ) [2, 3] as, (1) where γ A is the factor related to the carrier mass anisotropy (γ A =1 if isotropic). μ Hall is different from μ eff by the factor of <τ 2 >/<τ> 2 [3] , since the conduction due to the Lorentz force is given by the function of <τ 2 >, while the conduction due to the electric field is proportional to <τ>. Note that γ is an unity if the carrier energy dependence of τ is negligible, but becomes >1 if it is significant. Thus γ can be used as a measure for energy dependence of τ.
Experimental
Long channel n-MOSFETs with Hall bars on (100) Si wafer (N A~9 ×10 15 cm -3
), with 25nm-thick gate oxides, were employed. The channel length and width were 500μm and 200μm, respectively. The Hall measurements were conducted at 80 -290 K in the magnetic field (±0.90 T) perpendicular to the wafer, taking account of the shape correction factor, 0.95 for L/W=2.5. The drain-source voltage (V DS ) was fixed to 10mV, both for the Hall and the split-CV measurements. It was confirmed that the finite V DS effects on the extracted Hall factors were negligibly small.
Results and Discussions
The μ eff and μ Hall , measured at room temperature are shown in Fig. 1 , as a function of inversion layer charge density (N S ). indicates that γ of Coulomb scattering is higher than that of the phonon or surface roughness scatterings. The increase of γ at lower temperature becomes more significant probably because τ distribution for Coulomb scattering is more pronounced at lower temperature. If τ Coulomb has a larger carrier energy dependence than τ phonon and τ roughness , the T m dependence of γ should be more pronounced for Coulomb scattering, since energies of the carriers decrease by lowering the temperature. Now we can conclude that, the Matthiessen's rule is inapplicable to the quantitative analysis, if the Coulomb and the phonon scattering processes coexist. The reason why the different energy dependence of τ between the coexisting scattering processes results in the invalidity of Matthiessen's rule is schematically depicted in Fig.3 . Note that the scattering cross-section (σ) is inversely proportional to τ. The σ for the Coulomb scattering (σ C ) changes significantly by the carrier energy while that for the phonon scattering (σ p ) changes slightly. Thus the strength of the Coulomb scatterings drastically changes with the carrier energy compared to the phonon scattering. It means that the total scattering probability is not given by the simple sum of the respective scattering probability for the Coulomb and the phonon scatterings, defined by <τ Coulomb > -1 and <τ phonon > -1 , respectively. Thus the energy dependence of τ has to be taken into consideration, in addition to the independency of the coexisting scattering processes [4] , to discuss the validity of the Matthiessen's rule.
Next, in order to experimentally investigate the effects of increasing the strength of Coulomb scattering, γ was analyzed after applying the electrical stress ~10 MV/cm for 100sec. As shown in Fig.4 , the increase of γ in the lower-N S region is drastically enhanced after applying the electrical stress. This enhancement is attributable to the increase of trapped charges at the interface states, created by the stress.
This result supports our consideration that the increase of γ in the lower-N S region is caused by the high γ of the Coulomb scattering. It also indicates that the energy dependence of τ varies significantly even at the same N S , with the increase of density of Coulomb scattering centers at the interface.
Finally, the theoretical value of γ is discussed. <τ> and <τ 2 > for the conduction in three-dimensional bulk crystal can be calculated [3] as described in Eq. 2, by assuming that τ is given by the power function of carrier energy as . The exponent r varies between -1/2 for "acoustic phonon scattering" and +3/2 for "ionized impurity scattering" [3] .
Then γ values for acoustic phonon and ionized impurity scattering are calculated to be 1.18 and 1.93, respectively [3] . Although modification of Eq.2 is inevitably required to discuss about the two dimensionally confined carriers in the inversion layer, these calculations support our consideration that γ of the Coulomb scattering is higher than that of phonon scattering.
Conclusion
The validity of the Matthiessen's rule was investigated through the Hall factor analysis. It is experimentally clarified that Matthiessen's rule is invalid in the lower-N S region, since the energy dependence of τ Coulomb is significantly different from that of τ phonon . The
Matthiessen's rule is inapplicable to a quantitative discussion in the lower-N S region, even if the independency of the coexisting scattering processes are assured.
